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Absorption coefficient of metal-containing photoresists in
the extreme ultraviolet

Roberto Fallica,®* Jarich Haitjema,? Lianjia Wu,” Sonia Castellanos,” Albert M. Brouwer,”¢ and Yasin Ekinci®
apaul Scherrer Institute, Villigen, Switzerland

bAdvanced Research Center for Nanolithography, Amsterdam, The Netherlands

“University of Amsterdam, van ‘t Hoff Institute for Molecular Sciences, Amsterdam, The Netherlands

Abstract. The amount of absorbed light in thin photoresist films is a key parameter in photolithographic process-
ing, but its experimental measurement is not straightforward. The optical absorption of metal oxide-based thin
photoresist films for extreme ultraviolet (EUV) lithography was measured using an established methodology
based on synchrotron light. Three types of materials were investigated: tin cage molecules, zirconium oxoclus-
ters, and hafnium oxoclusters. The tin-containing compound was demonstrated to have optical absorption up to
three times higher than conventional organic-based photoresists have. The absorptivity of the zirconium
oxocluster was comparable to that of organic polymer-based photoresists, owing to the low absorption
cross section of zirconium at EUV. The hafnium-containing resist shows about twice as high absorptivity as
an organic photoresist, owing to the significantly higher absorbance of hafnium. From the chemical composition
and crystal structure, the density of the spin-coated films was determined. Using the density of the films and the
tabulated data for atomic cross section at EUV, the expected absorptivity of these resists was calculated and
discussed in comparison to the experimental results. The agreement between measured and expected absorp-
tion was fairly good with some substantial discrepancies due to differences in the actual film density or to thick-
ness inhomogeneity due to the spin coating. The developed method here enables the accurate measurement of
the EUV absorption of the photoresists and can contribute to the further development of EUV resists and more

accurate lithographic modeling. ® 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMM.17.2.023505]
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1 Introduction

In a lithographic process, the ideal amount of light absorbed
in a photoresist film is a tradeoff between two competing
requirements. On one hand, the photoresist should have
high transmissivity in order to be exposed uniformly and
avoid tapering effects throughout its depth. On the other
hand, the efficient use of the incoming radiation requires
films to absorb as much light as possible. Photoresists for
visible and i-line photolithography are based mostly on diaz-
onaphthoquinone (DNQ) and novolak resins compounds.*
These materials were designed to coat at micrometric thick-
ness, and, therefore, their absorptivity is relatively low and
most of the light is transmitted through the film. Deep ultra-
violet (DUV) photolithography operates at 248- and 193-nm
wavelength and uses chemically amplified resists (CARS)
based on an organic polymer backbone. CAR materials
for 248-nm DUV technology had linear absorption coeffi-
cient between 0.2 and 1 m ! and typical coating thickness
of 300 to 800 nm, which resulted in more than 80% of the
incoming light being transmitted through the film.>3 In cur-
rent 193-nm wavelength DUV lithography, photoresists
absorb more (1 to 3 m ?!) and typically coat at about
100 nm*® to achieve high-resolution patterning: with these
features, a reasonable tradeoff between transmitted and
absorbed light is maintained.

As the photolithography technology transitions to the
extreme ultraviolet (EUV) regime for next-generation

*Address all correspondence to: Roberto Fallica, E-mail: roberto.fallica@psi.ch
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high-volume manufacturing of semiconductor devices,
new challenges arise for photoresist materials.® In particular,
less than 1 10 the number of EUV photons is needed to
deliver the same incident dose than using DUV photons,
and reflection is negligible while absorption is prevailing.
The photochemistry of resist exposure at EUV wavelength
(13.5 nm) is radically different’ to previous technologies.
In addition, interaction between light at EUV wavelength
and electronic states of elements can be remarkably stronger
than the interaction of DUV light with molecular materials.
As a result, EUV light can be strongly absorbed by matter.
The pursuit of ever higher lithographic resolution requires
the use of substantially thinner coatings ( 35 nm) in
EUV than it used to be for DUV to prevent pattern collapse.
Nevertheless, a 35-nm-thick organic photoresist film with
typical absorption 4.8 m ! would still only exploit about
15% of the incident light. This consideration is critical for
the economy of high-volume manufacturing because EUV
light is costly to generate, and EUV sources based on tin
plasma have low efficiency ( 5%) and limited collector
lifetime.®

Moreover, further challenges remain.® For instance, the
resolution-linewidth roughness-sensitivity tradeoff postu-
lates that these three characteristics cannot be improved
simultaneously owing to the mutual dependencies among
one another,® which sets an insurmountable limitation to
CAR. Entirely new approaches in photoresists’ functionality
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and synthesis are instead being undertaken, among which
hybrid organometallic photoresists,’® oxide nanopar-
ticles,**? and condensed molecular oxides,®*® testify to
the intense scientific research in this field. In particular,
hybrid oxide resists that are synthesized from metallic ele-
ments and/or high Z-number elements have shown a remark-
able combination of features (high resolution, high etch
resistance, and compatibility with existing processes) that
makes them promising for EUV lithography.® A significant
drawback of the metal oxide platform is the lack of chemical
amplification. Because the condensation reaction is not cata-
lyzed by photoacid generator, early prototypes of this class
showed poor sensitivity and required EUV doses in excess of
50 mJ cm? to be patterned,™* which is well beyond the target
dose (<20 mJ cm?) that is specified for the required high
throughput in industrial EUV scanners.’® Recent improve-
ments in the synthesis are addressing this issue by tuning
the organic ligand, the exposure chemistry, and the optical
absorptivity.°®

Absorption of EUV light in matter depends entirely on the
atomic composition and the absorption cross section of ele-
ments (reported in Fig. 1 from tabulated data®®) shows large
differences. The most promising elements for incorporation
in a photoresist to enhance optical absorption are those tran-
sition metals, and metals or semimetals with large atomic
number whose deep semicore orbitals have large interaction
cross section with EUV photons.

Enhanced optical absorption also brings the advantage of
higher lithographic sensitivity, which could, in part, compen-
sate the lack of chemical amplification although, in this
regard, several other parameters play a role. For instance,
the stochastic variations due to the relatively low number
of EUV photons for a given exposure dose, and the micro-
scopic fluctuations in the density of the components of the
CAR (such as photoacid generator and quencher), are critical
issues that narrow the process window. Since photon shot
noise is proportional to the reciprocal of the square root
of the amount of absorbed photons and because metal
resists have higher absorptivity and fewer (or even single)
components, the stochastics is reduced. For further
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* v A ¢ 4«
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improvement of the sensitivity—in addition to enhanced
absorption—chemical amplification can also be integrated
into metal resists. This is not straightforward in single
molecular metal oxide photoresist, and very few such sys-
tems have been reported so far.!” As a result, the lithographic
sensitivity of metal oxides has been consistently reported to
be below that of polymer-based CAR.

Very few experimental measurement experiments on the
absorption coefficient of photoresist materials have been pre-
viously reported in the EUV range.*®=?! In one of those pio-
neering works, it was reported that the transmissivity of a
photoresist at EUV is correlated to the amount of incorpo-
rated tellurium.'® Several reasons make the direct measure-
ment of absorption in thin films challenging. Since the EUV
is strongly absorbed by matter, a sufficiently bright and sta-
ble source is needed to get a measurable signal in transmis-
sion mode, which is more difficult, at EUV, than it is at
longer wavelengths. Moreover, the absorption of the photo-
resist should be measured in coated form, similarly to the
actual exposure conditions. The substrate of the thin film
should be transparent to EUV, which means a free-standing
membrane of thickness less than a micron has to be used.
Finally, the extraction of the absorption coefficient requires
the accurate measurement of the thickness of the spin-
coated film.

We have recently developed a methodology to measure
the absorption of thin photoresist films using EUV light
from a synchrotron source in transmission mode.??> Our
experimental setup allows the extraction of the absorption
coefficient from the measurement of the transmissivity of
thin photoresist films and their thickness while accounting
for all sources of uncertainty in the measurement. In this
work, we investigate the absorption coefficient of nonpropri-
etary metal-based photoresists. These materials are based on
tin cage structures and on zirconium and hafnium oxoclus-
ters, which have been described in detail.”® The materials
data (composition and density) are therefore used to accu-
rately calculate the expected absorption and to carry out a
comparison to the experimental results.
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Fig. 1 Atomic absorption cross section , at EUV ( ... 13.5 nm) of elements with atomic number Z from
1 to 86, plotted from tabulated data.'®
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Fig. 2 Schematic of experimental setup for absorption measurement at the XIL beamline.

2 Experimental Details

2.1 EUV Transmittance Measurement at the XIL-II
Beamline

The XIL-Il beamline of the Swiss Light Source operates at
EUV light of 13.5-nm wavelength from a synchrotron
source. The average flux is in excess of 30 mW cm?.
The beamline is mainly used for EUV interference
lithography?* and actinic mask inspection.?® The beam is
generated by the undulator source and focused to a spatial
filter pinhole of 30- m diameter and expands about 12 m,
resulting in a relatively homogeneous beam over several
millimeters. A square open-frame mask (0.5 x 0.5 mm?) is
located in front of the sample. The transmittance measure-
ment is carried out in an experimental setup developed in
our previous work and shown schematically in Fig. 2.2
An AXUV100G silicon photodiode is located behind the
sample, and its photocurrent is collected using a Keithley
6430 amperometer. Because the membrane itself absorbs
EUV light, the net flux I, is calibrated by measuring the
transmittance of a blank SiN, membrane. Finally, the trans-
mittance Ty of the thin photoresist film is given by the ratio
between measured photocurrent | and the reference photo-
current |g.

2.2 Linear Absorption Coefficient

As the Beer-Lambert law describes, the amount of light
transmitted through a homogeneous medium is a function
of the thickness of the medium d and of the linear absorption
coefficient

Ty ..e & (1)

From Eq. (1), the linear absorption coefficient of the pris-
tine, unexposed material can be calculated in our experimen-
tal setup in transmission mode as

1 1t

- 1.

g n I m*; 2
where |, is the photocurrent through a blank membrane and
I ty is the photocurrent through the photoresist/membrane
stack at the beginning of the exposure (t ... tg).

2.3 Samples Preparation and Description

Silicon nitride (SiN,) membranes (100 nm nominal thick-
ness, 3 x 3 mm?) suspended on a silicon frame (280 m
thickness, 9 x 9 mm?) were fabricated by selective KOH
etch of SiN,-coated Si wafers. Thin photoresist films were
spin-coated on membranes to achieve one or more target
thickness and subsequently baked at 80°C for 2 min to
remove the solvent.

The absorption coefficient was measured for nonchemi-
cally amplified metal-based photoresists synthesized at
the Advanced Research Center for Nanolithography
(ARCNL). Tin-oxo cages, with five different counterions,
were functionalized as negative-tone photoresists for EUV,
to achieve high absorbance and high etch resistance. The
chemical equation of the basic building blocks was:
h C4HgSN 1,014 OH 4 X5, and is schematically shown in
Fig. 3. The tin cages were prepared as previously described
in the literature.®*® The counterions X were tosylate
CH3CsH,SO4 (Sn-S), hydroxide OH  (Sn-OH), acetate
CH3COO (Sn-A), malonate CH, COO 3 (Sn-M), and tri-
fluoroacetate CF;COO (Sn-F). Sn-F contams fluorine, and
it is therefore expected to have a slightly higher absorbance
than the others. The patterning performance of these materi-
als with EUV radiation has been recently studied and showed
a good potential for high resolution and high sensitivity.° In
addition, the chemical changes upon DUV exposure were
studied for these materials and a chemical mechanism for
the observed changes was proposed.*

A commercial zirconium oxocluster (ZrM1) was pur-
chased from Sigma-Aldrich (CAS 189028-53-3) and used
as it is, aside from the dilution, which was tuned to attain
different thicknesses. A different zirconium oxocluster
(ZrM2) and a hafnium methacrylate oxocluster (HfM)
were prepared as described in previous works.*"* In this lat-
ter case, Zr O'Pr , and Hf OBu , were mixed with meth-
acrylic acid in acetonitrile and kept at room temperature.
The formed crystals were filtered off and washed with ace-
tonitrile. Thermogravimetric analyses, nuclear magnetic res-
onance and infrared spectroscopy, and powder Xx-ray
diffraction experiments, detailed elsewhere,*+** indicated
that the compounds consisted of inorganic oxoclusters with
four to six metallic atoms. Schematic structures of the ZrM2

Fig. 3 Schematic of tin cages structures. The counterions are indi-
cated by the X (see text for detailed description).
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Fig. 4 Schematic of (a) Zr-based and (b) Hf-based oxoclusters struc-
tures. (a) Green or (b) brown polyhedra delimit the coordination geom-
etry of Zr and Hf atoms, respectively. Red balls represent oxygen
atoms and gray bars represent carbon-carbon bonds.

Table 1 Description of metal oxides photoresists: manufacturer,
type, and metal.

Sample Manufacturer Type Metal
Sn-M ARCNL Cage Sn
Sn-A ARCNL Cage Sn
Sn-F ARCNL Cage Sn
Sn-S ARCNL Cage Sn
Sn-OH ARCNL Cage Sn
ZrmM1 Sigma-Aldrich Oxocluster Zr
ZrM2 ARCNL Oxocluster Zr
HfM ARCNL Oxocluster Hf

and HfM are shown in Fig. 4. For all the aforementioned
metal-based materials, the theoretical absorption is deter-
mined by the elemental composition and from the estimation
of the density of the spin-coated films based on the crystal
structures and accounting for the packing ratio. The descrip-
tion of samples is provided in Table 1.

2.4 Spectroscopic Ellipsometry

The accurate measurement of the thickness of a photoresist
coated on a suspended membrane is technically challenging,
and it is the major source of uncertainty in the estimation of

. In general, the thickness at which a photoresist coats in a
spinner depends on the substrate material, but it is typically
predictable. In our specific case, spin coating on a membrane
adds a significant uncertainty to the final thickness, which
thus needs to be measured for each sample individually.
Profilometry and atomic force microscopy cannot be used
to measure the morphology on such thin membranes. For
this reason, we relied on optical measurement by use of an
M-2000 spectroscopic ellipsometer from J. A. Woollam,
equipped with a 75 W Xe ARC light source. The spectral
range was 250 to 1000 nm and the spot size was about
300 m in diameter. Ellipsometric measurements were per-
formed on 25 different spots on the sample, on a square area
of 1 x 1 mm? with a step size of 0.2 mm. The ellipsometric
data were modeled as two layers: for the SiNy membrane

J. Micro/Nanolith. MEMS MOEMS
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using a SiNy (Cody-Lorentz) model and for the resist
layer using a Cauchy model. Because the optical constants
of SiN, and the resist layer were unknown, these were inde-
pendently measured first. This was done by measuring angle
scans of SiN, on Si and the resist layer on Si. Initial material
fits and optical constants of the SiN, membrane were gen-
erated by angle scan on the Si frame surrounding the sus-
pended membrane. For the resist layer, angle scans were
preliminarily carried out to measure the optical constants
by spin coating each photoresist on bulk Si wafers.
Neither additional layers nor interfaces were needed to
obtain a good fitting to the data. Furthermore, the same
material was spin-coated and analyzed at several thickness
ranges. This approach significantly reduces the uncertainty
in the , using a combination of optical inspection and
spectroscopic ellipsometry to estimate d in the proximity
of the exposed area.

2.5 Estimation of Uncertainty

The uncertainty in the measurement of arises from three
sources. The first source is the uncertainty in the measure-
ment of the resist thickness ( 4), due to the nonuniformity of
the coating. The second is the uncertainty in the thickness of
the SiN, membrane, due to the variability in the deposition
process, which affects the value of the reference photocurrent
( 1,)- The third is the uncertainty in the measured photocur-
rent from the photodiode ( ;). The standard deviation of
can be determined from the well-known equation for error
propagation and replacing the due quantities

sS
2 2 2
o 2
d d IO lo It It
s s
2 2 2 1 2
_ 2 2 2.d = b ©)
d ¢ lp " dz d? 13

The approximation in Eq. (3) arises from the observation
that fluctuations in measured photocurrent ( |) were negli-
gible in comparison to all the other terms and, therefore,
shall not be considered.

As mentioned above, samples for absorption measure-
ment were prepared by spin coating each material to several
target thicknesses. By doing so, we can verify whether the
condition of homogeneous absorption is satisfied and
Eqg. (1) holds valid, provided that the logarithm of transmit-
tance varies linearly with the film thickness. As a result,
a linear fitting can be carried out to the measured log Ty
data, the slope of which determines the absorption coefficient

. Each data point accounts for the standard deviation along
both the abscissa and the ordinate that represent the uncer-
tainty in transmittance Ty and thickness d, respectively.
When more than one thickness is available, the standard
deviation of is estimated as the standard deviation of
the slope of the least-squares linear fit to the data. This is
calculated using the instrumental weighting on the uncertain-
ties of both axes according to a numerical implementation of
a method described elsewhere.®* When a given sample is
available at only one given thickness, the uncertainty of
is extracted from Eq. (3) instead.
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3 Results and Discussion

Metal-containing photoresists offer several advantages for
EUV lithography in comparison to conventional organic
platforms. Primarily, these photoresists are negative tone
and can be exploited as directly patternable hard masks
owing to the high etching resistance. In hybrid oxide resists,
the exposure mechanism probably proceeds by detachment
(and outgassing) of the organic ligands, whereas the metal
(core or hydroxide) condenses and grows into a pseudo-
oxide network.*

For the absorption measurement, metal-based photore-
sists from ARCNL have been coated at thicknesses ranging
from 11 to 76 nm. The transmittance, Ty, was measured and
is plotted in Fig. 5 as a function of the measured thickness, d,
of each individual coated membrane. Notably, it can be
observed that all samples studied in this work exhibited a
linear In Ty versus d trend. It is thus appropriate to extract
the as the slope of the linear fit to the data, according to the
methodology described in Sec. 2.5. The five variants of tin
cage only differ in the type of counterion group. For the zir-
conium compounds, we compared the material synthesized
at ARCNL with that from the manufacturer Sigma-Aldrich.
Only one thickness was available for Hf-containing material,
and its  was extracted from a single membrane thickness
measurement.

The experimental  values for all the metal-containing
resists are shown in Fig. 6. As a matter of comparison,
the absorption coefficient of a typical organic CAR
(4.8 m 1)?2% js also shown (Fig. 6, gray bar). Depending
on the counterion, was 14.7 m ! (malonate), 142 m !
(acetate), 11.6 m ! (trifluoroacetate), 11.1 m * (tosylate),
and 10.9 m ! (hydroxide). In sum, the absorption coeffi-
cient of the tin cages compounds was found to be about
two to three times higher than that of conventional CAR
resists based on an organic backbone. This finding is
ascribed to the large absorption cross section of tin at EUV
and to the relatively large amount of this element in the com-
pound. This finding is also consistent with and comparable
to that reported previously on tin-based organo-oxo mole-
cules, where  was measured between 15 and 19 m 1.2
In these tin cage systems, absorption also shows some
dependence on the counterion group. Contrary to expecta-
tions, higher absorption of the fluorine-containing Sn-F (tri-
fluoroacetate counterions) compared to Sn-A (acetate
counterions) was not observed experimentally. A reason
could be a lower density of the coated Sn-F film compared
to Sn-A due to, for instance, a small amount of solvent
trapped in the film or different packing arrangement.
Furthermore, the counterions constitute only a small fraction
of the absorption considering the strongly absorbing Sn
atoms. Further study is envisioned to clarify how the counter-
ion structure affects the packing density of the material after
spin coating and, therefore, its effect on optical absorption.

Compared to the tin-containing compounds, the enhance-
ment in EUV absorption was not as significant in zirconium-
containing ones, where the absorption was only slightly
higher than in conventional CAR. This result is ascribed
to the relatively small absorption cross section of Zr in com-
parison to oxygen and carbon, the main constituents of
organic resists. There was not a sizeable difference, within
experimental error, between the commercial compound
(ZrM1) and the one prepared in house (ZrM2). As for the

J. Micro/Nanolith. MEMS MOEMS
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Fig. 5 Logarithm of transmittance as a function of resist film thickness
for all the metal oxide photoresists synthesized at ARCNL and based
on (a), (b) tin cages, and (c) zirconium oxoclusters. The solid lines are
the least-squares linear fit to the data.

hafnium-based material HfM, it showed about 9.0 m !
absorption, which is due to the good absorptivity of the
element than conventional organic resists. In the case of
the HfM sample, only one thickness sample was available
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Fig. 6 Summary of measured linear absorption coefficient of metal
oxide photoresists at EUV: tin cages with different counterions
(shades of blue), zirconium oxoclusters (shades of red), and hafnium
oxocluster (brown). The uncertainty of is shown as error bar. The
absorption of a typical chemically amplified organic photoresist at
EUV is also shown for comparison (gray).

for measurement: for this reason, no linear fit is shown in
Fig. 5, and the associated error bar (Fig. 6) is significantly
larger than that of the other samples.

The theoretical values of the absorption coefficient were
estimated from elemental absorption cross sections at
92 eV,'® weighted on the relative amount of each element
and the density of the material according to the well-
known equation

F)
NA an a, .

MW @

where N, is Avogadro number, MW is the molecular weight
of the compound, n is the number of elements in the com-
pound, X, is the relative amount of the n’th element, , is
the absorption cross section of the n’th element, and s the
density. The density plays a key role in the absorptivity, as
Eq. (4) shows. was estimated from the crystal structure of
the material and taking into account the packing arrange-
ment. Typically, organic photoresists have a density compa-
rable to that of the polymer backbone: 1.14 g cm?®
(polymethylmethacrylate) or 1.03 g cm® (polystyrene).*
The tin cages have been calculated to have a density of
1.93% or 1.84 g cm3®" The density of the zirconium
oxocluster is 1.16 g cm3,3! whereas 1.9 g cm? for the haf-
nium oxocluster.®

The comparative plot in Fig. 7 shows a good agreement
between the experiment and estimate. For the tin cages with
trifluoroacetate, tosylate, and hydroxide, the measured
absorptivity was slightly lower than the expected value.
For instance, the estimated absorption of the Sn-F is
13.9 m ! compared to 13.6 m ! for Sn-A, whereas our
experimental measurement showed an opposite trend (Sn-
A more absorbing than Sn-F). For the Hf- and Zr-based
materials, the experimental  was higher than the value
expected from the elemental composition. The discrepancies
are ascribed to differences in the actual density of the film
after spin coating. In summary, the actual absorption can be
different from the expected value, and this can affect the
resulting lithographic sensitivity and performance of the
photoresist.
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Fig. 7 Comparison of measured linear absorption coefficient versus
estimated for metal-based photoresists synthesized at ARCNL.

4 Conclusions

The absorption coefficients at the EUV wavelength of
13.5 nm of hybrid metal oxo-compounds have been mea-
sured experimentally using a dedicated instrumentation
setup and synchrotron light source. By preparing a series
of thickness, the was measured with unprecedented accu-
racy. It was found that tin cage resists have a very high
absorptivity in the EUV, two to three times higher than
that of conventional CARs based on organic polymers.
The measured absorption of these tin cage materials is
also comparable to that of other tin organo-oxo molecular
resists. The measured absorption of zirconium oxocluster
photoresist was comparable to that of organic photoresists,
a finding that can be ascribed to the low contribution of Zr to
the overall absorption cross section of the material, and to the
similar density of these materials. The hafnium-containing
oxoclusters showed a higher absorptivity than those based
on zirconium, owing to the larger absorption cross section
of Hf.

The estimated absorptivity was then calculated from the
film density and the tabulated atomic cross sections. The
experimental and the estimated  values were in fairly
good agreement. The predictability of the linear absorptivity
in molecular inorganic photoresists represents added value to
this new type of materials. We ascribe the observed discrep-
ancy of the absorption coefficients to the difference between
the actual film density and the quoted values, which mostly
assume a densely packed crystalline form of the material
while the spin-coated materials are mostly not crystalline
and can contain solvent or voids. The accurate measurement
of the absorption of the EUV resists is of crucial importance
for further development of EUV resists and for more accurate
lithographic modeling. The developed method here can con-
tribute to these by providing precise values of absorption
constant of EUV materials.
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